The influence of exposure to high temperatures on the phase transformation, microstructural features, and the resultant mechanical properties of a binder based on carbonation of metallic iron powder is reported. The extent of thermal decomposition of the binder at different temperatures is quantified using thermogravimetric analysis (TGA), whereas Fourier transform infrared (FTIR) spectroscopy and X-ray diffraction (XRD) are used for the identification of transformed phases. High temperature exposure is observed to result in stable phases, which results in the material retaining structural integrity even when exposed to 800°C, contrary to ordinary Portland cement (OPC) pastes that degrade completely at such temperatures. Significant pore size refinement and a small reduction in porosity are noted when the pastes are exposed to high temperatures. Even though there is a significant strength loss when the iron carbonates decompose (around~300°C), the strengths are much higher than those of OPC pastes at higher temperatures. This provides an option for chemistry-based design of high-temperature resistant composites as well as develop structural envelope materials especially when prolonged resistance to more than 600°C is desired.
Introduction and background
Methods to reduce carbon dioxide (CO 2 ) content in the atmosphere have resulted in several carbon capture and sequestration strategies [1] [2] [3] [4] [5] [6] . Among those, mineral carbonation, especially sequestration of CO 2 in alkaline earth oxides, is a well-studied means [7] [8] [9] [10] . The formation of stable minerals such as calcite, dolomite, siderite or magnesite ensures long-term chemical fixation of CO 2 rather than temporary storage [11] [12] [13] [14] [15] . It is highly beneficial from an environmental and economical viewpoint if the source material for carbonation can be a hard-to-dispose waste material, and the carbonated product can be a value-added, carbon-negative material for industrial applications. The study reported in this paper is part of such a larger effort, where chemistry-based material design is employed to produce a structural binder with properties that are comparable to or better than that of ordinary Portland cement (OPC)-based binders, from the carbonation of discarded metallic waste fines from steel shot-blasting operations. Such specialty materials, when developed and implemented for targeted applications, will ease the demand on OPC (used in concrete for building and infrastructure, and is most used material by humans after water), the production of which is energy-intensive and responsible for about 5% of the global anthropogenic CO 2 emissions.
Significant quantities of impure iron powder is created as bag house dust waste during the electric arc furnace (EAF) manufacturing process of steel and from the shot-blasting operations of structural steel sections. The traditional means of disposing this dust is landfilling (at great costs) as it is not economically feasible to beneficiate the powder to recover iron. A recent study, first of its kind, examined in detail, the viability of carbonating waste iron powder in an aqueous medium to produce structural binding materials [16] . The methodology was motivated by the incidences of strong and hard scale formation caused by CO 2 -induced corrosion in oil and gas pipelines [17] [18] [19] [20] . The net carbonation reaction of iron powder is shown in Eq. (1) [17, 21] .
Even though this basic reaction scheme is thermodynamically favorable, the kinetics of reaction needs to be accelerated in order for it to be of any practical benefit. This necessitated the use of several minor ingredients as will be explained briefly here. Please refer to [16] for further details.
Waste iron powder from steel shot-blasting operations was used as the source material. In the US alone, more than 3 million tons of this material is landfilled even though a preliminary environmental impact analysis has shown that the use of virgin iron powder from processes such as electrodeposition to produce binders would still result in reduced environmental impact as compared to OPC production. The Materials and Design 92 (2016) 
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Materials and Design j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / m a t d e s parameters for ambient temperature-and-pressure synthesis of iron carbonate binder were established, including the additives needed to ensure workability, and structure-and-property development. They included a weak organic acid (oxalic acid in this case) for iron dissolution and kinetic enhancement of the reaction, fine limestone as a nucleation agent, fly ash as a silica source [16] , and a kaolin clay to provide cohesiveness in the fresh state to enable handling. The sensitivity of these parameters to the carbonation efficiency and compressive strength resulted in the selection of appropriate material designs [16] . Further studies on the pore structure, microstructure [22] and mechanical response [23] were carried out to explain the enhanced performance characteristics of this material and establish it as a viable and sustainable alternative to OPC-based systems. A strong carbonate matrix and microstructural reinforcement through particulate inclusions resulted in beneficial mechanical properties.
While the aforementioned studies [16, 23] established the superior mechanical performance of iron carbonate binder as compared to OPC binders at normal operating temperatures, it is important to evaluate the response of this material to elevated temperatures from the viewpoint of its chemistry and microstructure. This helps in: (i) enabling design of resilient iron carbonate-based building envelope and structural components that can better tolerate fire hazards (especially when the temperature rises to 600°C or more as is shown in this paper), and (ii) developing high-temperature resistant, ceramic-like matrices processed at high temperatures for applications in refractory linings, solar power concentrators, and airfield pavement surfaces for military aircrafts (not an exhaustive list). It is also well known that hardened OPC paste loses its integrity and structural capacity at elevated temperatures [24] [25] [26] . Since the reaction product in the iron carbonate binder is chemically different, and there is a large amount of unreacted iron particles [22, 23] that are capable of reinforcing the matrix, the high temperature response is expected to be significantly different from that of OPC-based matrices. This paper comprehensively investigates the temperature-induced chemical and microstructural transformations in this material through several advanced characterization techniques.
Experimental program

Materials, mixtures and specimen preparation
Metallic waste iron powder generated from a structural steel shot-blasting facility, with a median particle size of 19.03 μm, was used as the main source material in this study. The iron powder used for this study was slightly oxidized and contained approximately 90% Fe and trace amounts of Cu and Mn, as determined using particle induced X-ray emission (PIXE). Other additives such as Class F fly ash and metakaolin conforming to ASTM C 618, and limestone powder (d 50 of 0.7 μm) conforming to ASTM C 568 were also used as minor ingredients in the binder synthesis. Table 1 provides the chemical composition of the minor ingredients along with that of the OPC. The need for these minor ingredients was explained earlier.
Commercially available Type I/II OPC conforming to ASTM C 150 was used to prepare OPC paste samples for comparison of performance.
The binder component used in this study includes 60% iron powder, 20% fly ash, 8% limestone, 10% metakaolin and 2% oxalic acid (all mass-based), which demonstrated the highest compressive strength and lowest porosity among a series of trial mixtures prepared as part of a detailed material design exercise [16] . The mixing procedure involves initial dry mixing of all the starting materials and then adding water to obtain a uniform cohesive mixture. A mass-based water-tosolids ratio (w/s) m of 0.24 was used to attain a cohesive mix. Since the reaction product resulting from the carbonation of iron is not a hydrate as in the case of calcium silicate hydrate (C-S-H 1 ) gel formed in OPC systems, the role of water is mainly to ensure mass transfer and facilitate reactions. Thus a low w/s, sufficient to ensure the transport of the diffusing species in the fresh state and help molding of the specimens, is employed. Prismatic specimens of size 127 mm (length) × 25.4 mm (depth) × 25.4 mm (width) were prepared in polycarbonate molds and immediately placed inside a 100% CO 2 environment in room temperature. Pure CO 2 was circulated every 12 h so as to maintain saturation of CO 2 in the stored environment. After 1 day of carbonation, the specimens attained sufficient strength to sustain handling and was demolded. After demolding, the beams were placed again in the 100% CO 2 environment for another 5 days. After the respective duration of CO 2 exposure, the samples were placed in air at room temperature to allow the moisture to evaporate for further 4 days. This curing regime has been shown to result in relatively uniform product formation across the specimen depth [16, 22] . Companion OPC mixtures of the same size as mentioned above were prepared with a water-to-cement ratio (w/c) of 0.40, which is common for moderate-strength concretes used in building and infrastructure applications. The OPC beams were demolded after 1 day and were kept in a moist chamber (N 98% RH and 23 ± 2°C ) for a total of 28 days. In order to investigate the effect of high temperature on OPC and iron-based binders, the specimens were heated up to 300, 600 or 800°C in a furnace at a heating rate of approximately 5°C/min and the target temperature was maintained for 2 h. After exposure to elevated temperatures the specimens were allowed to cool down gradually to the room temperature before being tested.
Thermogravimetric analysis (TGA)
A simultaneous thermal analyzer (Perkin Elmer STA 6000) was used for thermo-gravimetric analysis (TGA). The analyzer was programmed to increase the temperature from 25°C to 995°C at a rate of 15°C/min in an inert N 2 environment. The samples for TGA were removed from a depth of 5 to 6 mm from the surface of the prismatic specimens to assess the influence of elevated temperatures on phase chemistry.
Mercury intrusion porosimetry (MIP)
Mercury intrusion porosimetry (MIP), which is a well-established technique to investigate the pore structure of porous materials, was adopted to study the pore structure of iron carbonate systems after exposure to different temperatures. The samples for MIP were also extracted in a similar manner as reported above for thermal analysis. The ambient temperature exposed samples were dried in an oven at 60°C for 48 h prior to testing. MIP was performed in two steps: (i) evacuation of gases, filling the sample holder with mercury, and increasing the pressure up to 345 kPa, and (ii) intrusion of the mercury into the sample at high pressures (up to 414 MPa). The contact angle and surface tension used for the analysis were 130°and 0.485 N/m respectively. As the contact angle between Hg and the iron carbonate phase is not known, the common value used for OPC-based pastes (130°) was used. The comparative nature of the evaluations justify the use of this value. The pore diameters can be evaluated using Washburn equation, based on the assumption that the pores are cylindrical in shape [27] [28] [29] . The total volume of mercury intruded (which is related to the porosity), and the critical pore diameter (which is the percolating pore size), are extracted from MIP. While several drawbacks of MIP for pore size determination of cementitious materials are reported [30, 31] , there exist consensus that the above two parameters can be accurately quantified by MIP.
Fourier transform infrared spectroscopy (FTIR)
FTIR spectra for the iron-based binder sample were obtained using an ATI Mattson Genesis FTIR spectroscope with a single reflection attenuated total reflectance diamond crystal attachment. The spectra of the powders collected from a depth of 5 to 6 mm from the surface of the prismatic specimens, were obtained in the wavenumber range of 4000 to 700 cm −1 at a resolution of 1 cm −1 .
X-ray diffraction (XRD)
XRD was performed on powdered samples using a high resolution diffractometer (PANalytical X'Pert Pro) in a θ-θ configuration using Cu-Kα radiation (λ = 1.54 Å). The samples were scanned on a rotating stage between 10°and 90°(2θ) in a continuous mode with a step scan of 0.05°. A graphite monochromator was used on the primary beam, set to optimize the detection of diffracted Kα radiation in order to minimize iron fluoresce. The powders were extracted from a depth of 5 to 6 mm from the surfaces of prismatic specimens that underwent different temperature exposures. Fine powder was used to minimize the potential for preferred orientation errors. X-ray structure information was sourced from [32] .
Scanning electron microscopy and electron microprobe
Microstructural analysis of the iron carbonate binders before and after high temperature exposure was carried out using a Philips XL30 field emission environmental scanning electron microscope (FESEM). Prismatic samples approximately 10 mm in size was cut from the beam samples using a diamond saw, and impregnated with epoxy resin for FESEM. A suitable combination of grinding and polishing was applied to achieve a level of flatness that ensures accurate phase identification and quantification [22] . Elemental mapping was performed using JEOL JXA-8530F Hyperprobe (electron microprobe analysis -EMPA).
Determination of flexural strength using three-point bending test
The flexural strengths of both iron-based and OPC binders were determined on beams having an effective span of 101.6 mm using standard center-point loading in accordance with ASTM C 293/ 293M-10. The tests were performed under mid-span deflectioncontrolled mode. For each mixture four replicate beams were tested.
Results and discussions
Evaluation of chemical transformations under high temperature exposure
This section explores temperature-induced chemical transformations in the iron carbonate binder using thermal analysis, infrared spectroscopy and XRD. These transformations have direct implications on the microstructural features and resultant properties.
Extent of thermal decomposition of reaction product
Thermogravimetric analysis (TGA) was performed on the synthesized paste specimens at different temperatures to evaluate the stability of the different phases in the binder at elevated temperatures. Fig. 1 shows the thermogravimetric (TG) and differential TG (DTG) curves for the iron carbonate pastes exposed to different temperatures. Fig.  1(a) shows the TG/DTG curves of the iron-based binder before exposing it to any temperature regimen to determine the reaction products formed during room temperature synthesis. Note that the reaction product corresponds to a curing regime of 6 days in CO 2 followed by 4 days in air. Three distinct peaks are noted in the DTG curve. The peak at around 110°C represents the evaporable water, the one at 300°C
represents the thermal decomposition of iron carbonate complexed with the oxalate from the dissolution agent [16, 33] , and the peak at around 750°C is attributable to thermal decomposition of calcium carbonate added as an ingredient during the synthesis. The TG/DTG curves shown in Fig. 1(a) are used as the baseline data. It can be easily noted from Fig. 1 (a)-(d) that the total mass loss decreases as the exposure temperature of the specimens is increased, with the most significant drop of about 16% when the exposure temperature is increased from ambient to 300°C ( Fig. 1(a) and (b)). This is attributed to the loss of water as well as the thermal decomposition of the carbonate-oxalate complex [16, 33] . Limestone added to the system is present in relatively unchanged amounts between both these temperatures of exposure.
The quantified values of weight loss in the temperature range of 250-400°C (corresponding to the carbonate-oxalate product and iron carbonate or siderite [34] ) and the total limestone remaining in the system are reported in Table 2 . It can be noted that the weight loss in the temperature range of 250-400°C decreased from 9% at 25°C to about 0.14% at 300°C signifying almost complete decomposition of iron carbonate complex when the paste is heated to 300°C. At 300°C, the calcite peak is still present as calcite decarbonates only at higher temperatures.
For the paste exposed to 600°C ( Fig. 1(c) ), the peak at around 750°C corresponding to the thermal decomposition of calcite reduced significantly in intensity, implying almost complete decomposition of calcite. It should be noted that pure calcite exhibits its maximum rate of thermal decomposition at around 730-750°C although the process occurs in the 600-850°C range especially when organic acids are used as additives [35, 36] . Table 2 shows that only trace amounts of calcite (0.07%) remain in the system when the sample was exposed to 600°C for 2 h. The combination of the increased exposure duration and the presence of oxalic acid (added to facilitate iron dissolution) which decreases the energy consumption during the decomposition process are responsible for this observation. When exposed to 800°C, the original components present are found to be almost totally decomposed. However, visual inspection of the prismatic samples even after exposure to 800°C revealed a compact, dense, and undamaged structure (shown later in the paper). This points to the fact that other temperature-resistant (at least up to 995°C which was the upper limit of the TG experiments) chemical species would have formed in these systems as a result of hightemperature exposure, which is examined using XRD in a later section.
The FTIR spectra of powdered samples of pastes subjected to different exposure temperatures are shown in Fig. 2 . Overall, three distinct peaks are observed in the spectra at ambient temperature. The peak in the wavenumber range of 1410 to 1425 cm −1 represents stretching vibration of the carbonate (C-O) bond whereas the peak in the 860 to 880 cm −1 range represents out-of-plane bending of the C-O bond [37, 38] . The peak in the 930 to 1060 cm −1 range represents the asymmetric stretching vibration of Si-O-Si bond [37] [38] [39] . The stretching and out-ofplane bending vibrations of the C-O bond indicates the presence of iron carbonate and calcite even though precise identification of corresponding species requires spectral deconvolution [40] , which is not carried out in this study. However, it has been reported that the peak at 860 cm −1 can be attributed to siderite [41] , which is strongly observed in the specimen exposed to ambient temperature. The broadness of the peak corresponding to asymmetric stretching vibration of Si-O-Si indicates the presence of structural disorder in the silicate network and thus, the likely amorphous nature of silicates present in this system at ambient temperatures [37, 42] .
When the pastes are exposed to 300°C, the intensities of the C-O peaks (at 1424 and 875 cm − 1 ) relative to the silicate peak (at 1048 cm − 1 ) are reduced which can be attributed to the nearcomplete thermal decomposition of the iron carbonate reaction product as confirmed by TG/DTG results in the previous section. Thus the C-O peaks in this sample conditioned at this temperature are attributed almost entirely to calcium carbonate, which is also supported by the increased sharpness of the peak. The broad silicate peak corresponding to amorphous silica is still present at this exposure temperature. Increasing the exposure temperature to 600°C results in the disappearance of the C-O peaks due to decarbonation, which is also in line with the TG/DTG results. In addition, the silicate peak width reduces considerably and the peak shifts to lower wave numbers as compared to the specimens exposed to lower temperatures. This is an indication of the change in structural arrangement of the product when exposed to higher temperatures. The Si-O-Si peak width is further reduced when the exposure temperature was increased to 800°C denoting the presence of more polymerized silicate species. It is also likely that complex silicates containing iron and calcium (from the decomposition of calcite) could have formed at high exposure temperatures, but their presence could not be accurately confirmed from the FTIR spectra shown here, except for the fact that the widths reduce and intensities increase for the Si-O-Si stretching vibration. Later on in this paper, we demonstrate the likely presence of such a phase using electron microprobe analysis. The crystalline phases formed at high temperature, especially the iron bearing ones such as hematite and magnetite, generally show characteristic peaks at much lower wavenumbers (550-600 cm −1 ) [43] which were not detected using FTIR spectroscopy . 2 . FTIR spectra for the iron-based binder pastes exposed to different temperatures.
in this study. Hence, in an effort to monitor the evolution of the crystalline species, XRD is used, as presented in the following section.
XRD for phase analysis at elevated temperatures
XRD was carried out on powdered paste samples subjected to the chosen temperatures. Fig. 3 shows the XRD spectra of iron-based binders after being subjected to all the four exposure temperatures studied here. At room temperature, siderite, which is an iron carbonate mineral, is found predominantly, as expected. In addition, peaks corresponding to calcite (accounting for the limestone added), quartz (from fly ash), and magnetite (Fe 3 O 4 ; potentially oxidized iron particles from the source material) are also present. When the specimens were exposed to a temperature of 300°C for 2 h, iron carbonate decomposes in the presence of oxygen to form magnetite (Fe 3 O 4 ) as shown in Eq. (2) [44, 45] . The magnetite further oxidizes to γ-Fe 2 O 3 [45, 46] as shown in Eq. (3).
The above oxidation reactions are thermodynamically favorable at temperatures greater than 200°C [45, 46] . This is the reason for both Fe 3 O 4 and γ-Fe 2 O 3 being present in the XRD spectrum of the paste exposed to 300°C. The peak corresponding to calcite is also detected in the XRD spectrum for the specimen exposed to 300°C, which is in line with the TGA results presented in the previous section. Beyond an exposure temperature of 400°C, γ-Fe 2 O 3 (maghemite) is further oxidized to α-Fe 2 O 3 or hematite. In addition, at temperatures above 575°C magnetite is also directly oxidized to form hematite [46] .
The samples from the specimen exposed to 600°C are primarily composed of magnetite and hematite as observed from the XRD spectrum. Both magnetite and hematite are crystalline in nature and this impacts the properties of the material when the exposure temperature is increased, as will be explored in a forthcoming section. The powder from the specimen exposed to 800°C also shows both magnetite and hematite in the XRD spectra. However, the number of peaks corresponding to hematite is higher in the sample exposed to 800°C as compared to that at lower temperatures, suggesting an increase in crystallinity of these products with increasing temperature of exposure. The XRD spectra for the sample exposed to 800°C matches well with that of α-Fe 2 O 3 nanoparticles (hematite) [47] . These iron oxides, especially hematite, formed after high-temperature exposure, are considered to be among the most stable minerals on earth's surface [48, 49] . Chemical leaching tests have also established in the durability of these minerals [48] . An increase in number of peaks corresponding to quartz at 800°C also points to the polymerization of free silica at elevated temperature. Another interesting finding is that the full width at half maximum (FWHM) of the XRD peaks corresponding to Fe 3 O 4 and Fe 2 O 3 reduces as the temperature is increased from 300°C to 800°C, which also indicates a significantly higher crystallinity at higher temperatures. The overall amorphous content reduces significantly when the specimen is exposed to 800°C. The above factors influence the mechanical behavior of the materialthe higher crystallinity and chemical stability of the high-temperature reaction products likely negating to a certain extent, the loss in properties at intermediate temperatures when the iron carbonate reaction product decomposed. The microstructural study provided in the following section provides further insights into this behavior.
Microstructural effects of high-temperature exposure
Influence of temperature-induced phase transformation on the pore structure
Temperature-induced decomposition and transformation of phases will result in changes in the pore structure and microstructure of the material, thereby directly impacting its engineering properties. Fig. 4(a) shows representative total volume intruded and differential volume curves obtained from MIP studies. The dominant peak in the differential curve indicates the percolating (threshold) pore size which dictates the moisture-and-ionic transport induced material durability issues. Fig. 4(b) shows that the total porosity more than doubles when the exposure temperature was increased from ambient to 300°C. This must be viewed in conjunction with the TG/DTG results shown earlier where the decomposition of the iron carbonate complex was shown to happen at around 300°C. The major binding material is decomposed, creating a large porosity in the specimen. Between exposure temperatures of 300 and 600°C, there is no appreciable change in porosity. Even though calcite decomposition occurs in this temperature range as explained earlier, the XRD spectrum indicates the formation of other iron-bearing phases, which likely compensates the calcite loss. A further increase in exposure temperature to 800°C results in the porosity being reduced slightly.
The critical pore sizes presented in Fig. 4 (b) reveal more information on the influence of temperature on the pore structure. Between exposure temperatures of 25 and 300°C, the critical pore diameter increases slightly, but the increase is not commensurate with the increase in porosity. Beyond 300°C, further increase in exposure temperature results in considerable reduction in the critical pore sizes even though the porosities are rather invariant. This indicates that the phase transformations occurring as a result of high temperature exposure, confirmed by the XRD spectra, results in the formation of a microstructure with smaller pore sizes. In order to quantify the pore size refinement as a function of exposure temperature, the pores are classified into three ranges 2 : (i) 0.0035 to 0.05 μm, (ii) 0.05 to 0.2 μm and (iii) N0.2 μm at different temperatures shown in Fig. 4(c) . This classification is generally in line Fig. 3 . XRD spectra for the iron carbonate binders exposed to different temperatures.
with that of the IUPAC recommendation [50] . The fraction of larger pores (N0.2 μm) increases significantly when the exposure temperature is increased from 25°C to 300°C, attributed to the thermal decomposition of iron carbonate as explained before. This results in an increase in the porosity also. Increasing the exposure temperature to 600°C reduces the fraction of bigger pores (N 0.2 μm) and increases the fraction of smaller pores significantly, suggesting a fundamental change in the reaction product as was demonstrated by XRD. Most of the larger pores are found to be transformed to pores of intermediate size (0.05-0.2 μm). At 800°C, the dominant fraction of porosity is contributed by the smallest pores (0.0036-0.05 μm) due to predominance of crystalline hematite in the material structure as revealed by XRD. The results shown here indicate a sequential refinement of pore sizes (not much of a reduction in porosity) as the exposure temperature is increased from 300°C to 800°C, pointing to changes in structural order and formation of crystalline phases, which are confirmed through XRD. Fig. 5 shows micrographs of the iron-based binder after exposure to different temperatures. The bright particles seen in the micrographs correspond to the iron particles. Denser reaction product formation around unreacted angular iron particles is distinctively visible in Fig. 5(a) that corresponds to an exposure temperature of 25°C. While the carbonate reaction product binds the unreacted iron particles and provides overall strength to the composite material, the unreacted iron particles facilitate microstructural reinforcement that enhances the mechanical properties of the material when compared to conventional cement-based systems [23] . When the binder is exposed to 300°C, the denser light gray phases around the unreacted iron particles corresponding to the carbonate reaction products are converted to darker, low-density phases as can be noticed from Fig. 5(b) . This is attributed to the thermal decomposition of iron carbonate as was confirmed through TGA and XRD results shown in the preceding sections. From a microstructural perspective, as observed from electron micrographs, there are no significant morphological changes between exposure temperatures of 300 and 600°C ( Fig. 5(b) and (c)), to go along with the unchanged porosity as shown in Fig. 4(b) . However XRD indicated phase transformations, which are not identified in the micrographs. Some of the darker phases around the iron particles observed in the micrographs of specimens exposed to 300°C and 600°C are absent in the micrograph of the specimen exposed to 800°C as observed in Fig. 5(d) . This likely indicates significant differences in reaction products when the specimens are exposed to a higher temperature, as indicated by the other techniques described earlier. While the microstructures shown here demonstrate some degree of matrix damage, especially at 300 and 600°C, morphological changes are not adequately captured by backscattered SEM images. Fig. 6 shows the elemental maps obtained using electron microprobe analysis (EMPA) coupled with energy dispersive X-ray spectra (EDS) of the samples exposed to different temperatures. The parent micrographs at three chosen exposure temperatures are shown along with the elemental maps corresponding to Fe, C, Si, and Ca. At room temperature ( Fig. 6(a) ), the presence of Fe as both unreacted iron particles (bright phase in the micrographs) and dispersed throughout the microstructure are observed. Carbon is well distributed in the microstructure, both as iron carbonates and unreacted limestone. The added fly ash and metakaolin demonstrate discrete pockets of silica in the microstructure while calcium is observed, again as a distributed element, owing to the presence of fly ash and limestone. When the exposure temperature was increased to 300°C ( Fig. 6(b) ), iron carbonates are decomposed as evidenced by the thermal analysis results, which is revealed in the C elemental map as dark zones around the iron particles since the concentration of iron carbonate is highest in the proximity of the iron particles. In these dark zones around the iron particles (see the parent micrograph), the concentration of Si is observed to be high, since the decomposition of iron carbonates result in the continuous matrix connecting the unreacted iron particles being mostly composed of fly ash and metakaolin, both of which are silica-rich (N50% of SiO 2 by mass - Table 1 ). Calcite, which is the dominant Ca source in the microstructure, is unaffected at this temperature, as seen from the Ca elemental maps at both 25°C and 300°C.
Influence of exposure temperature on the microstructure
The elemental maps for the specimens exposed to 800°C are shown in Fig. 6(c) . The most important observation is that most of the C has disappeared from the microstructure, pointing to the decomposition of all the carbonates in the system. The material, realistically, thus is no more a carbonate when exposed to higher temperatures. It is a heterogeneous material chemically composed of magnetite, hematite, and quartz as demonstrated by XRD, coupled with other X-ray amorphous phases. More diffuse spread of iron is noticed in the elemental map, along with that of Si. Rounded, silica-rich fly ash particles are present along with diffuse silica in the microstructure. The elemental map of Ca shows a significant difference from those at lower exposure temperatures. At 800°C, Ca is diffused uniformly through the microstructure, and is present everywhere except in the locations of the unreacted iron particles. This is an indication of the likely formation of calcium-ferrite complexes where hematite, found in the XRD trace at 600°C, engages in solidstate reactions at around 750-780°C with CaO formed from limestone decomposition [51] . More studies on the phase structure and compositions after high-temperature exposure are needed.
Implications of temperature-induced chemical/microstructural transformations on the mechanical behavior
The foregoing sections have provided a detailed understanding of the influence of elevated temperature on the reaction products and microstructure of iron-based binder systems. This section explores the implications of temperature-induced chemical and microstructural changes on the mechanical strength of this binder system, in order to establish the application scenarios listed in the introduction section. Fig. 7 (a) presents the flexural strengths as a function of exposure temperature along with those of OPC pastes for comparison. At room temperature, the iron-based binder exhibits a significantly higher (by about 6 times) flexural strength as compared to the OPC paste, the reasons for which are explored in detail elsewhere [16, 23] . Thermally aided decomposition of iron carbonate, confirmed through TGA/XRD, and subsequent increase in porosity when exposed to 300°C are reflected here in the form of significant reduction in flexural strength. It also points to the fact that iron carbonate is the main reaction product in this binder system that facilitates binding of all the other unreacted/ inert materials.
A comparison of the performance of the two binder systems when exposed to 300°C reveals that the iron-based binder suffers a major loss in strength (about 80% of its initial strength) whereas OPC gains strength attributed to: (i) enhanced reaction occurring under high temperatures before the moisture is removed, that results in some pore filling, and (ii) removal of the moisture from the pores and a consequent apparent strength increase [52, 53] . However, ironbased binder is almost as strong as OPC at 300°C due to its significantly higher strength at room temperature. This loss in strength at 300°C of the iron-based binder is also reflected in the form of a 20% reduction in bulk density, shown in Fig. 7(b ). When exposed to 600°C, the flexural strength increases slightly for the iron-based binder whereas the OPC paste loses its strength by more than 40% as compared to its strength at 300°C. The strength loss of the OPC binder can be attributed to the decomposition of calcium hydroxide (CH) at around 450°C and the subsequent increase in porosity [54] . On the other hand, a slight increase in the strength of the iron-based binder can be attributed to the onset of temperature-induced crystallization process as explored in the previous sections. When exposed to 800°C, the flexural strength of the iron-based binder is found to increase significantly (by~65% as compared to that at 600°C
) whereas OPC has lost almost all its strength because of the total decomposition of the calcium silicate hydrate (C-S-H) gel [55] . The significant increase in strength for the iron-based binder is the result of increase in crystallinity and formation of denser structure at 800°C as discussed earlier. Fig. 7(c) shows the strength-porosity relationship of the iron-based binder. Fig. 8 shows the visual appearance of OPC and the iron carbonate paste beams subjected to different temperatures. Fig. 8(a-1 to d-1) shows the sequential temperature-induced degradation of OPC matrix whereas Fig. 8(a-2 to d-2) shows the changes in appearance of the iron-based matrix. Cracks develop in OPC pastes beyond 150-200°C because of shrinkage stresses and the cracks can be seen visually in the paste exposed to 300°C ( Fig. 8(b-1) ). A few cracks are also noticed in the iron carbonate paste ( Fig. 8(b-2) ) exposed to 300°C due to the stresses induced by the thermal decomposition of iron carbonate. At approximately 600°C, the width of the cracks increases significantly in the OPC paste sample (Fig. 8(c-1) ) resulting in significant loss of strength ( Fig. 7(a) ). Also, explosive spalling is reported to occur in this temperature range, which reduces the integrity and load bearing capacity substantially [56] . While cracks in hardened cement paste become wider with associated significant strength deterioration at 600°C, the cracks formed in the iron carbonate sample at 300°C gets healed to a large extent as the temperature is increased to 600°C which is a consequence of temperature-induced phase-transformation of reaction products into crystalline phases such as hematite and magnetite. The OPC paste sample is severely degraded with loss of structural integrity before 800°C as shown in Fig. 8(d-1) . On the contrary, the ironbased binder shows a smooth and stable surface with no apparent discontinuities. The structural integrity is maintained (or regained) along with strength enhancement (as compared to that at 300°C) when exposed to higher temperatures. The reaction products found in the iron-based binder at this temperature are high-temperature stable phases and thus it is expected that even further temperature increase does not compromise the structural integrity or reduce the strength. This aspect enables the development of effective hightemperature resistant composites without the use of expensive starting materials. Treatment of this room-temperature processed material to 800°C results in a robust high-temperature resistant material that can be used in solar energy applications, and as vertical landing/takeoff pads or military aircrafts. The material also becomes a viable candidate for envelope or structural systems that are likely to encounter fires that burn to 600°C or more.
Summary and conclusions
The influence of temperature on phase transformations and the resultant microstructure and mechanical properties of an ironbased binder system was explored in this paper. Thermal analysis of specimens subjected to different temperatures showed that the iron carbonate complex decomposed at 300°C, while calcite mostly decomposed when exposed to 600°C for 2 h. FTIR spectra also confirmed the decomposition of carbonates though the disappearance of the C-O peaks when exposed to higher temperatures. At higher exposure temperatures, the width of the Si-O-Si peak reduced, denoting the presence of more polymerized silicate species. XRD revealed aspects of phase transformation that could not be revealed through thermal and spectroscopic analysis. The formation of stable magnetite and hematite phases when iron carbonates were exposed to high temperatures were observed.
MIP and SEM were used to understand the microstructural changes resulting from high temperature exposure of the iron-based binder. The porosity increased significantly when the exposure temperature was increased to 300°C attributed to the loss of the main binding material, iron carbonate. Further increase in temperature resulted in slight reduction in porosities, attributed to the formation of stable phases. Increasing exposure temperature resulted in pore size refinement, exemplified by the critical pore sizes being lower by more than 7 times and the proportion of finer pores (0.0035 to 0.05 μm) increasing tenfold, between exposure temperatures of 300°C and 800°C. Elemental maps coupled with electron micrographs indicated the distribution of different elements (Fe, C, Si, Ca) in the microstructure as a function of exposure temperature -C disappearing gradually between 300°C and 800°C, Fe becoming more diffused, and Ca spreading more uniformly at 800°C, likely indicating the presence of a calcium-ferrite complex.
The influence of the chemical phase transformations and resultant microstructural changes on the flexural strengths was determined. The reduction in strength followed the trend of increase in porosity, as is common with porous materials. While the ironbased binder lost significant amounts of strength by 300°C, there was some strength improvement when the exposure temperature was increased. When exposed to 800°C, the iron-based binder had a strength that was more than thrice of that of OPC pastes, and more importantly, the integrity of the material was uncompromised, contrary to OPC-based systems. These results demonstrated that this material when processed at high temperatures, could serve as hightemperature resistant composites, and as envelope or structural systems that require resistance to temperatures in excess of 600°C, where OPC-based systems cannot effectively function.
